There is great interest in producing bioethanol from biomass and there is much emphasis on exploiting lignocellulose sources, from crop wastes through to energy-rich crops. Some waste streams, however, contain both cellulosic and non-cellulosic sugars. These include wastes from pineapple processing.
Introduction
Due to the rapid depletion of the world's energy supply, there is an increasing global interest in alternative energy sources (Lin & Tanaka, 2006) . Ethanol from biomass can provide a sustainable, albeit limited alternative to oil to mitigate the global energy problem associated with fossil fuels exhaustion and greenhouse gas emissions (Farrell et al., 2006) . Currently, biomass-derived ethanol is produced at industrial scale from sucrose and starch; however, this poses concerns about the potential competition with food and feed supplies (Hahn-Hägerdal, Galbe, Gorwa-Grauslund, Lidén, & Zacchi, 2006; Field, Campbell, & Lobell, 2008) . In addition, the conversion of forest and grassland into new cropland to supply an increasing demand for biomass is also problematic because such land-use changes increase greenhouse gas emissions (Farrell et al., 2006; Searchinger et al., 2008) . Hence, other alternatives such as the production on fallow fields of crops and grasses to produce biofuels have recently attracted attention. In particular, the lignocellulosic materials such as agricultural wastes are considered to be the main potential sources of biomass for "second generation" bioethanol production (Galbe & Zacchi, 2007; Merino & Cherry, 2007; Sakai et al., 2007; Hu, Heitmann, & Rojas, 2008; Goh, Tan, Lee, & Bhatia 2010) .
canneries results in peeled skin, core, crown end, etc., which is not utilized and generally discharged as a waste. The dry matter content in pineapple waste is around 10%, and composed of about 96% organic and 4% inorganic matter (Abdullah, 2007) . These materials exhibit both high biochemical oxygen demand (BOD) and chemical oxygen demand (COD) values (Ban-Koffi & Han, 1990) , and give rise to serious pollution problems if not properly disposed of.
In the past, PW were utilized as sources for bromelin extraction, wine and vinegar production, yeast cultivation for food/feed proteins, or also for organic acids production (Larrauri, Ruperez, & Calixto, 1997; Nigam, 1999a, b; Busairi, 2008; Hebbar, Sumana, & Raghavarao, 2008; Dacera, Babel, & Parkpian, 2009; Jamal, Fahrurrazi, & Zahangir, 2009; Banik, Nag, & Debnath, 2011; Dhanasekaran, Lawanya, Saha, Thajuddin, & Panneerselvam, 2011; Raji, Jibril, Misau, & Danjuma, 2012) . The high sugar and lignocellulosics amounts found in PW provide a potentially interesting source of valuable fermentation and non-fermentation products. Lignocellulose comprises two main classes of structural polysaccharides, cellulose and hemicellulose. If hydrolysed, they can provide sources of fermentable sugars (glucose and xylose, respectively). The polysaccharides, however, are tightly packed in plant cell walls and are often surrounded by lignin, forming highly recalcitrant structures resistant to direct enzymatic attack (Sun & Cheng, 2002; Himmel et al., 2007) . Cellulose and hemicellulose fractions from agroindustrial residues can be depolymerized to fermentable sugars giving rise respectively to hexoses (glucose and mannose) and pentoses (xylose and arabinose), either by enzymatic or chemical hydrolyses (Sun & Cheng, 2002; Mosier et al., 2005; Himmel et al., 2007) .
Enzymatic hydrolysis is regarded today as the most promising approach to liberating fermentable sugars in an energy-efficient way from the carbohydrates found in lignocellulosics in order to produce ethanol (Wooley, Ruth, Glassner, & Sheehan, 1999; Galbe & Zacchi, 2002; Yu & Zhang, 2004 ). Sugars released by enzymes then can be fermented to ethanol by yeasts. There are several fermentation approaches that can be considered. Sequential enzymatic hydrolysis and fermentation are described as separate hydrolysis and fermentation (SHF), while when the two steps are simultaneously carried out, the process is called simultaneous saccharification and fermentation (SSF). SSF has the advantage of preventing the buildup of hydrolysis products such as cellobiose and glucose, which can reduce the rate of further substrate hydrolysis. However, it has to be carried out at temperatures that suit the fermenting organism. In the case of yeast, the temperature is generally below 40 ºC, which is below the optimum temperature for enzymatic hydrolysis (50 ºC) (Takagi, Abe, Suzuki, Emert, & Yata, 1977; Tengborg, Galbe, & Zacchi, 2001) . Fermentation also seems to decrease the inhibition of the enzymes probably by converting some of the toxic compounds present in the hydrolysate (Tengborg et al., 2001) . These mechanisms increase the overall productivity, the concentration and also the final ethanol yield (Wright, Wyman, & Grohmann, 1988; Philippidis, Smith, & Wyman, 1993; Soderstrom, Galbe, & Zacchi, 2005) .
In this study three different processes were used to obtain bioethanol from PW: direct fermentation (DF) followed by enzyme addition to verify the real yeast capacity of fermenting the untreated substrate; separate hydrolysis and fermentation (SHF) in the same reactor; simultaneous saccharification and fermentation (SSF).
Materials and Methods

Substrate
Pineapples were obtained from a local market in Norwich, UK. For analytical purpose, the pineapple was divided into four parts: crown (the top part), skin, pulp and core (the inner part). In this study only skin and core were used for fermentation tests.
Yeasts
Saccharomyces cerevisiae NCYC 2826 was provided by National Collection of Yeast Cultures, a BBSRC-supported National Capability based at the Institute of Food Research, Norwich The strain was maintained on YM agar medium (yeast extract 3 g/L, malt extract 3 g/L, peptone 5 g/L, glucose 10 g/L) at 4 ºC. To carry-out the tests S. cerevisiae was grown overnight at 30 ºC on a rotary shaker (INNOVA 44, Incubator Shaker Series, New Brunswick Scientific) at 200 rpm, in tubes containing 20 ml YM medium.
Experimental Set-up
Fermentation tests were carried out in a 2.5 L batch fermenter (LH Fermentation 2000 Series). The fermenter was equipped with one four-bladed rushton turbine, and the common control systems: temperature, pH, CO 2 detector and gas mass flow meter.
Pineapple wastes, comprising fruit skin and core, were homogenized in a fruit blender. The resulting homogenate, with a dry matter content of 14% (w/w), was diluted with water to a 9% dry matter, in a working volume of 1.5 L and immediately treated at 100 ºC for 10 min under continuous mixing to inactivate endogenous enzymes and reduce microbial spoilage. No further sterilization procedure was adopted.
Three different processes were used to obtain bioethanol: direct fermentation (DF) of the blended biomass followed by enzyme addition; separate hydrolysis and fermentation (SHF); simultaneous saccharification and fermentation (SSF).
For DF of the blended biomass, with a dry matter content of 9.2%, 20 ml of S. cerevisiae inoculum (10 7 cells per ml) were added to the medium. The tests were carried out at 30 ºC under continuous mixing at 200 rpm. pH was previously adjusted from 3.8 up to 4.5 using 2 M NaOH.
After 12 hours the medium was supplemented with 20 µl/g dry matter of Depol TM 740 L and 250 µl/g dry matter of Accellerase ® 1500 enzymes, maintaining the same fermentation parameters.
For SHF fermentations, saccharification of 8.5% dry matter biomass, was carried out using the same cell-wall degrading enzymes, as above, for 2 h at 50 ºC and pH 5, adjusted using NaOH 2 M, with constant stirring at 500 rpm. After 6 hours digested substrate was cooled to 30 ºC and stirring decreased to 200 rpm. pH at 4.5 was not further corrected by alkali addition. The fermentation started with addition of 20 ml of S. cerevisiae inoculum, as before.
SSF fermentation was carried out adding together enzymes and yeast culture to the substrate. Fermentation parameters were 30 ºC, pH 4.5, adjusted as above, and constant stirring at 200 rpm. Initial biomass dry matter was 9%.
CO 2 evolution was measured during all fermentation tests using a ADC Infra Red CO 2 Analyzer and duplicate broth samples were withdrawn from the reaction vessel using a 20 ml syringe: the sample for ethanol analysis was immediately frozen at -18 ºC until analysis; whereas samples for moisture determination, soluble and insoluble sugars were heated at 100 o C for 6 min to inactivate the enzymes and then frozen at -18 ºC until analyzed. All fermentations were carried out until no further CO 2 fluctuations were observed. pH was not controlled by the addition of alkali during fermentation.
Chemicals
Chemicals were provided by Sigma Aldrich, excepting for galacturonic acid and glucose provided by Fluka Biochemical and glycerol provided by Fisher Scientific.
Commercially available enzyme solutions Depol TM 740 L (ferulic acid esterase), provided by Biocatalysts Ltd., Cefn Coed, Wales, U.K and Accellerase ® 1500 (endoglucanase), provided by Genencore were used. Both of them were added to the media at recommended doses. Declared activities were 36 U/g and 2200-2800 CMC U/g respectively (1CMC U = unit of activity liberates 1 µmol of reducing sugars, expressed as glucose equivalents per minute at 50 ºC and pH 4.8).
Alcohol-Insoluble Residues (AIR) Preparation
AIRs were prepared from pulp and residues prior to analysis for cell wall sugars. Wet fermented pineapple waste samples, after defrosting, were homogenized for 1 min at max speed in a Janke & Kunnel, Ika-Werk Ultra-Turrax homogenizer at room temperature. 30 ml of each sample were then poured into boiling ethanol, to obtain a final mixture with EtOH concentration of 85% (v/v), considering the water content of the sample. 50 ml of 70% EtOH to wash down and collect any sample particles from the homogenizer were used. The insoluble residue remained after this treatment was recovered by vacuum filtration through a 5μm nylon filter NYBOLT using a Buchner funnel. After further 2 sequential extractions in boiling 85% ethanol (v/v) the residue was extracted in boiling absolute ethanol (300 mL for 5 min), then washed with cold absolute ethanol (150 mL). The final filtrate was dried by Büchi Rotary Evaporator at 40 ºC, recovered in water and tested for residual soluble sugars. The insoluble residue was washed with 2 volumes acetone and after removal by suction, dried to constant weight at 40 °C (Waldron & Selvendran, 1990; Mandalari et al., 2005) .
Moisture Determination
The dry weights both of the fresh pineapple waste and fermentations samples, were calculated as steady weights after 2 h at 110 °C using a Mettler PM 200 equipped with a Mettler LP16 IR balance.
Sugar Determination
Sugars were released from AIR samples by Saeman hydrolysis by sample dispersion in 72% H 2 SO 4 for 3 h at room temperature followed by hydrolysis in 1 M H 2 SO 4 for 1 h at 100 ºC.
Hydrolysates were derivatized as their alditol acetates and analyzed by GC using a Perkin-Elmer Autosystem XL (Perkin Elmer, Seer Green, UK), equipped with a flame ionization detection and a RTX-225 (Restek, Bellefonte, Vol. 3, No. 4; USA) column (Blakeney, Harris, Henry, & Stone, 1983) .
Analysis of supernatant fractions followed the same protocol, but starting from a hydrolysis in 1 M H 2 SO 4 .
The total uronic acid content in the sugar hydrolysates was spectrophotometrically determined using glucuronic acid as a standard following the method of Blumenkrantz and Asboe-Hansen (1973) , modified by Rae et al. (1985) .
All samples were analyzed in triplicate.
Ethanol Determination
Ethanol was quantified by HPLC.
500 µl samples of supernatant from fermented pineapple waste were centrifuged for 10 minutes at 500 rpm and 20 ºC in a 96 deep well plate using an Eppendorf Centrifuge 5810 R, then filtered through AcroPrep TM 0.2 µm GHP Membrane 96 Well Filter Plates into a 96 deep well collection plate for further 10 minutes at the same speed.
After centrifugation plates were covered by a rubber lid and loaded directly onto a Series 200 LC instrument (Perkin Elmer, Seer Green, UK) equipped with a refractive index detector. Analyses were carried out using an Aminex HPX-87P column (Bio-Rad Laboratories Ltd, Hemel Hempstead, UK) with matching guard columns operating at 65 °C with ultrapure water at a flow rate of 0.6 mL/min as mobile phase.
Calculations
Theoretical yield (TY) in this study was calculated as the max ethanol yield in relation to dry matter: 0.511 g alcohol per 1.0 g dry matter.
Results
Direct Fermentation of the Blended Biomass Followed by Enzymes Addition (DF)
Initially, ethanol production by S. cerevisiae NCYC 2826 using untreated blended biomass, with a dry matter content of 9.2%, was investigated by batch culture in DF mode as described in section 2.3. Table 1 shows the composition of waste fiber at the beginning of the fermentation, before enzyme addition and at the end of the process. As shown in Table 1 , at the beginning of the fermentation Glc and Xyl were the most abundant neutral monosaccharides in AIR PW residues, followed by Gal A, Ara, Gal and Man, with smaller proportions of Rha and Fuc. The main sugars in the soluble fraction ( Figure 1 ) were Glc and Man; only small amounts of Gal A and Gal was detected. Figure 2a shows the time course of ethanol production and corresponding decline in the levels of soluble and fiber-bound sugars. Sugars utilization by the yeast in the early phase of the culture was relatively slow and ethanol production very low. Sample collected before enzymes addition, after 12 h fermentation, showed a 0.07% ethanol concentration, with an insoluble sugar concentration slightly affected by yeast growth, whereas among the soluble sugars a 9% decrease in Glc was observed. The addition of cell-wall degrading enzymes to the substrate after 12 h caused a rapid sugars concentration decrease, followed by a corresponding increase in ethanol production. AIR residue % decreased from 3.9 to 1.7 and the total amount of cell wall sugars decreased from 657.1 µg/mg to 528.6 µg/mg. The Glc and Man in the soluble sugars fraction decreased by 63.7% and 5.3% respectively, whilst Xyl and Ara, Gal and Gal A increased reflecting their release from the cell walls, and the inability of the yeast to ferment them. Ethanol production reached 3.4% within 24 h of enzyme addition, reaching the 86% of the TY (Table 2 ). This ethanol concentration remained steady until fermentation was completed. The pH of the fermentation dropped down from 4.5 to 3.4 at the end of the process.
Separate Hydrolysis and Fermentation of the Blended Wastes (SHF)
Results concerning dry matter %, fibres and soluble sugars for SHF process are reported in Table 2 .
Initial dry matter of the material was 8.5%. Figure 2b shows ethanol production and sugar utilization by S. cerevisiae during SHF mode, described in section 2.3. The results show that the enzyme activity at the beginning of the process resulted in a decrease in the insoluble fraction and a concomitant increase in the soluble sugars. Initial monosaccharide compositions for the insoluble and soluble fractions were comparable with those found for DF mode (3.1 section), representing respectively 25% and 48.6% of initial dry matter. In keeping with these observations, enzymatic saccharification before yeast inoculation caused the AIR residue to decrease from 3.2% to 1.4%, resulting in 15% fiber loss and 11% soluble sugars increase. The fiber % decreased to 10.17%, followed by a soluble sugars increasing up to 59.26%, before yeast addition. As shown in Table 1 , by 12h the AIR yield had decreased by over 50%, and the insoluble sugars remaining had decreased from 660.1 µg/mg to 581.1 µg/mg, due to solubilisation of Ara, Xyl, Man Gal Glu and Gal A; on the other hand soluble sugars showed a decrease in Glc and Man 31% and 8% respectively, presumably due to fermentation, and an increase in Xyl, Ara, Gal A and Gal from the fibre hydrolysis (Figure 1 ). At completion of fermentation, the AIR residue was 0.7% and total insoluble sugars concentration was 565.6 µg/mg. The final dry matter content was 2.6% and fibers and soluble sugars % dropped down to 5.36 and 6.2 respectively. The highest EY was up to 3.7%, reaching 89% of the TY (Table 2 ). The pH recorded at the end of the process was 3.3.
Simultaneous Saccharification and Fermentation (SSF)
The initial fibers and soluble sugars were 23.9% and 42.2% respectively. Sugar composition was comparable with that above reported for DF mode in section 3.1 (Table 1) . As shown in Figure 2c , saccharification started at t = 0: soluble sugars increased reaching their highest concentration after 6 hours, at 51.54%. By this time, the yeast was fermenting well and after this point the soluble sugars dropped rapidly whilst the alcohol began to increase up to a plateau of 4%. By 21 hours ethanol production, as well as substrate utilization by the yeast, stopped as can be observed from the steady sugar and alcohol %. Table 1 shows the monosaccharide composition in SSF sample at the beginning, after 12 hours fermentation and at the end of the process. In Figure 1 the soluble sugar composition is reported. By the end of the fermentation, Glc and Man concentrations were very low in comparison with the levels of Xyl, Ara and Gal A, as previously observed also for DF and SHF processes. Fiber and soluble sugars decreased during the process from 23.9% to 3.4% and 42.2% to 7.5% respectively. The highest EY was up to 3.9%, reaching 96% of the TY (Table 2) . At the end of the fermentation pH dropped down from 4.5 to 3.3.
Discussion
The significant amount of carbohydrate-rich materials disposed of in the pineapple canneries makes this waste an interesting source for ethanol production. According with Abdullah and Mat (2008) and Huang et al. (2011) , the main sugars, calculated on initial dry biomass, were glucose and xylose, followed by uronic acid, arabinose, galactose and mannose, with smaller amounts of rhamnose and fucose, revealing that pineapple wastes are primarily composed of celluloses, pectic substances and hemicelluloses. The presence of different polymeric substances in cell walls justify the need of a pre-treatment on this waste. DF gave rise to an EY of 0.07%, due to soluble glucose utilization by yeast. After enzyme addition to the medium, the fiber started to be digested and the ethanol yield rose to 3.4%, corresponding to a 86% of TY.
Tests carried out in SHF and SSF gave rise to 3.7% and 3.9% of EY, corresponding to 89% and 96% of TY respectively, calculated on a dry matter basis.
Though the EY obtained appears rather low, due of course to the low sugar content, this could be attractive because TY, calculated on dry matter loss, was in a range around 90-96%, making these wastes an excellent raw material for ethanol production by S. cerevisiae NCYC 2826, as compared with previous studies on juice or rotten pineapple (Ban-Koffi & Han 1990; Nigam, 1999a; Nigam, 2000; Hossain & Fazliny, 2010) .
The preliminary tests reported in this paper show the importance of the enzymatic pretreatment of pineapple wastes to increase the sugar level of the mash for alcoholic fermentation. It should be pointed out that SHF and SSF show the same trend, both on fiber saccharification and on sugars utilization by S. cerevisiae. This means that the enzyme activity is not affected by the fermentation parameters used. In fact, previous saccharification used in SHF mode, at 50 ºC, pH 5 and 500 rpm, was not followed by higher cell wall degradation in comparison with SSF mode, where enzymes and yeast were added together to the substrate at 30 ºC, pH 4.5 and 200 rpm. This facilitates the set up of fermentation processes based on the simultaneous addition of yeast culture and enzymes, to reduce both process time and total costs. In fact ethanol production in SSF started 3 hours before it did in SHF. Hence, SSF is probably the most convenient and suitable fermentation mode used in this study.
All samples of digested material were characterized by increases in soluble xylose, arabinose, galactose, galacturonic acid and glucose. This was due of course to the enzymatic saccharification of pineapple cell walls. Accellerase ® 1500 activity was probably enhanced by Depol TM 740L since, in accordance with the literature, pineapple cell walls are characterized by ferulic acid, esterified to glucuronoarabinoxylans (Smith & Harris, 1995; Smith & Harris, 2001) . Enzymatic release of significant quantities of xylose and arabinose points to the use of mixed cultures and recombinant yeast, or in the development of robust strain that will simultaneously ferment hexose and pentose sugars for ethanol production. This would be expected to improve the final ethanol concentration and productivity, since a significant quantity of pentose sugars were left unutilized in hydrolysates fermented media.
All the fermentations carried out in this study were characterized by a dry matter loss of around 70%. This means that 30% of substrate remained unutilized. This could be due to the pH decreasing during the fermentation period. In fact pH values appear to be steady in the range 3.3-3.5. The significant pH drop is probably caused by production of yeast catabolites and the release of D-galacturonic acid from pectin, having a pKa value 3.51 (Filippov, Shkolenko & Kohn, 1978) . The observed pH decrease could lead to a diminution on enzymatic activity and a consequent stop of fiber saccharification. Further tests, carried out with a strict pH control during the process, could improve dry matter utilization and consequently ethanol production.
Moreover, an EY improvement might also be achieved both by developing a more efficient pre-treatment method (mechanical and/or enzymatic) and by supplementing the substrate with different nitrogen sources to reduce the lag phase and increase yeast biomass. 
